On the afternoon of 28 June 2010, an enormous landslide occurred in the Gangwu region of Guanling County, Guizhou Province. In order to better understand the mechanism of the Guanling landslide, archived ALOS/PALSAR data was used to acquire the deformation prior to the landslide occurrence through stacking and time-series InSAR techniques. First, the deformation structure from InSAR was compared to the potential creep bodies identified using the optical remote sensing data. A strong consistency between the InSAR detected deformed regions and the creep bodies detected from optical remote sensing images was achieved. Around 10 creep bodies were suffering from deformation. In the source area, the maximum pre-slide mean deformation rate along the slope direction reached 160 mm/year, and the uncertainty of the deformation rates ranged from 15 to 34 mm/year. Then, the pre-slide deformation at the source area was analyzed in terms of the topography, geological structure, and historical rainfall records. Through observation and analysis, the deformation pattern of one creep body located within the source area can be segmented into three sections: a creeping section in the front, a locking section in the middle, and a cracking section in the rear. These sections constitute one of the common landslide modes seen in the south-west of China. This study concluded that a sudden shear failure in the locking segment of one creeping body located within the source area was caused by a strong rainstorm, which triggered the Guanling landslide.
Introduction
On 28 June 2010, following an extreme rainstorm, a catastrophic rock avalanche occurred at Guanling, Guizhou, China. This rock avalanche had a run-out 1.5 km long, with 1.75 million m 3 of debris, and it buried two villages, causing 99 deaths and 15 million China Yuan (CNY) in economic losses [1] . A number of engineers and scholars carried out interpretations through field investigations, optical satellite imagery, and photogrammetric data in the aftermath of the landslide [1] .
Through remote sensing images, Tong et al. [2] identified the landslide damage boundary, changes in surface elevation, and the slip direction of the landslide. Prior to the landslide, Wang et al. [3] detected 12 creep bodies within the study area, and inferred that the source area of the Guanling landslide was mainly composed of two creep bodies. A 'creep body' is defined as a material block with a slow deformation rate, or landslide material that has not yet slumped [3] . The Geological Environment Monitoring Institute of the Guizhou Province conducted a detailed geological survey and field investigation of the slumped The tectonic unit of the landslide area is the quasi-platform of the upper trough of the Yangtze River [17] . A third-order tectonic unit is the curved beam and the Wei-shui broken ridge of The tectonic unit of the landslide area is the quasi-platform of the upper trough of the Yangtze River [17] . A third-order tectonic unit is the curved beam and the Wei-shui broken ridge of Qujing-tai. The exposed rocks in the study area range in age from the Late Permian to Quaternary [1] . The Yelang Formation shares a discordant contact with the Longtan Formation, where a hard rock structure overlies the soft rock. The landslide occurred in the Early Triassic Yelang sandstone [7] . Within the source area, the rock strata dip regularly towards the south with an angle of 40 • . The stratigraphic structure is one of the major controlling factors of the Guanling landslide [6] .
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The groundwater of the landslide area is of three types: carbonate karst aquifer, bedrock fissure water, and pore water in the loose Quaternary deposits. This region has a typical and complex groundwater system, and precipitation during the monsoon plays an important role in the slope instability [1] . Prior to the landslide, the area underwent a week of heavy rainfall during which 310 mm (and an average intensity of 12.9 mm/h) accumulated in 24 h from 27 to 28 June [5] . Heavy rainstorms are hence considered the main triggering factor in the instability of local landslides [1, 5, 6, 18] .
Data and Methodology

Data
The study area is located in the mountainous region of southwest China, where the surface is covered in low shrub. The rainy climate and flourishing vegetation can easily result in SAR temporal and/or volume decorrelation [9] . The required band (wavelength) to monitor different objects varies among applications. As the L-band SAR data has a stronger penetrability than the C-and the X-band for the vegetation-covered landslides, L-band is the best choice in this study. Therefore, archived Advanced Land Observing Satellite (ALOS) Phased Array type L-band SAR (PALSAR) sensor data were acquired over the study area, where 18 scenes of ALOS/PALSAR data were involved from 19 July 2007 to 11 March 2010. In order to generate high-spatial deformation results, the fine-beam double polarization (FBD) images are oversampled to the same pixel spacing as those of the fine-beam single polarization (FBS) images. A multilook factor of two is applied to generate interferograms at a spatial spacing of about 7.5 m in both directions. Interferograms with this spacing can detect small-scale rockslides, and are suitable to map rockslides with large deformation gradients in low coherence areas [19, 20] . One arc-second digital elevation model (DEM) data with a pixel size of 30 m, generated by shuttle radar topography mission (SRTM), is adopted for the topographic phase removal and result analysis.
Point Selection
The study area contains great terrain changes and a wide variety of surface features, such as villages, terraces, shrubs, and woodlands. In order to obtain sufficient and high quality monitoring targets, the correlation threshold point selection method is used in this study [21, 22] . To this end, an unbiased correlation is estimated [23] , and the correlation threshold is set to 0.2 to achieve a sufficient number of monitoring points. As the landslide occurred in a mountainous area, it is common for it to cause specific spatial distortions in slant radar images, including layover and shadow effects [24, 25] , which have negative impacts on the InSAR applications [26] . The layover and shadow areas are masked out with the aid of the DEM and SAR imaging geometry [27] . As a result, the retained points can be analyzed for potential landslide reorganization and pre-slide deformation monitoring.
Parameter Estimation
SBAS
In order to mitigate the effects of temporal decorrelation and spatial decorrelation, one of the InSAR techniques, termed as short baseline subsets (SBAS) InSAR, is applied [28] . The time baseline threshold and the spatial baseline threshold is set to 200 days and 800 m, respectively. However, due to the rain factor and dense vegetation, there still exist many interferometric decorrelations in the study area. Since decorrelated interferograms severely decrease the accuracy of the final deformation results [29] , such images are detected and removed [30, 31] . Finally, 18 pairs of high quality interferograms are selected, as seen in Figure 2 , where the baseline configuration of the interferometric pairs is shown.
The remaining interferograms are then unwrapped by MCF (minimum cost flow) [32] . Topographic errors are removed using the SBAS approach [28] . A combined model [21, 33 ] comprising a biquadratic model for orbital phase errors [34] and a linear model for the elevation dependent Remote Sens. 2017, 9, 1046 5 of 17 errors (stratified atmospheric delay and topographic errors) [35] is used to reduce the artefacts of orbit, residual topography, and atmospheric disturbance [21] . The combined model equation is as follows:
where ω (x, y) is the unwrapped phase for a generic pixel (x, y), h is the elevation, ε is the random phase error, and a i represents unknown coefficients for i = 0, 1, . . . , 5. Finally, a singular value decomposition (SVD) operation is applied to estimate the deformation at each SAR acquisition date once more than one subset is available. In this case, we assume that the deformation between two adjacent subsets is constant. Therefore, in the following section, we take the deformation rate between two SAR acquisition dates in each subset rather than accumulative deformation as the time series results.
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( ) ( ) ( ) value decomposition (SVD) operation is applied to estimate the deformation at each SAR acquisition date once more than one subset is available. In this case, we assume that the deformation between two adjacent subsets is constant. Therefore, in the following section, we take the deformation rate between two SAR acquisition dates in each subset rather than accumulative deformation as the time series results. 
Stacking
The stacking interferograms method can effectively reduce the atmospheric delay and stochastic noise to accurately acquire the average deformation rate [36, 37] . For landslide detection and monitoring in mountainous regions of southwest China, good results have been achieved using the stacking interferograms method [38] . Alternatively, atmospheric path delays consist of two parts: one is due to the elevation-dependent stratified component and the other arises from the turbulent mixing process [39] . The first component is effectively eliminated by Equation (1) , and the second part can be derived using spatial and temporal filtering [22] . However, atmospheric filtering can easily lead to an incorrect estimation of deformation if both deformation and atmospheric effects present similar patterns and temporal behavior [40] . In order to further reduce the atmospheric delay, the stacking interferograms method is used to obtain the average deformation rate of the study area.
The average deformation rate is calculated by the whole average as follows:
where i φ is the unwrapped phase, from which the systematic phase ω has been subtracted, and i t Δ is the i-th time interval. The interferograms used to calculate the average deformation rate are the same as the ones used to calculate the time-series deformation. 
where φ i is the unwrapped phase, from which the systematic phase ω has been subtracted, and ∆t i is the i-th time interval. The interferograms used to calculate the average deformation rate are the same as the ones used to calculate the time-series deformation.
Results and Analysis
Potential Landslide Identification
The average deformation rate map and the time-series deformation results prior to landslide occurrence are obtained. Figure 3 shows the average deformation rate map of the study area, where the purple polygons represent the creep bodies detected using optical remote sensing images (Quickbird and aerial images) [3] . The black polygon represents the boundary of landslide damage. The two regions circumscribed by dotted lines indicate buried villages, the black dashed line indicates the stratigraphic boundary in the cropped region, and the solid lines ABCD delineate the location of profiles, which will be discussed subsequently. Note, as the deformation is within the line-of-sight (LOS) direction, the red color indicates movement towards the sensor and the blue color indicates movement away from the sensor. In Figure 3 , high consistency between the deformation patterns and the creep bodies detected by optical remote sensing images can be observed, which tells us visually that the potential landslides do suffer a slow-rate deformation during the SAR acquisition period. If the SAR geometry (ascending track) and contour lines of topography are considered, it is reasonable to assume that some of the unstable bodies moving westwards are in red and the ones moving eastward are in blue. These show a high consistency with the local slope. Conversely, some inconsistency can also be found between the creep bodies and the deformation patterns. For example, the maximum deformation of the creep bodies 7, 9, 10, and 11, did not occur within the boundaries delineated from the optical image. Some regions, although not described as creep bodies, showed obvious deformation, illustrated by the region located southeast of creep body 11. This is suggested since the remote sensing images used for the creep body recognition are Quickbird images with a 0.6 m resolution (obtained on 6 February 2010), and the aerial images have a 0.1 m resolution (obtained on 30 June 2010). Hence, the delineation of the creep body is based on the apparent boundary (such as a groove and a crack) or the continuity of a stratum in the remote sensing images [3] . Some errors can be expected for landslide detection using optical remote sensing. This method can only identify the creep bodies that have formed obvious boundaries. Some of the creep bodies that are not delineated might have not formed distinct boundaries. Moreover, this method greatly relies on the interpreter's experience. It should be noted that InSAR can only measure the deformation in the line-of-sight direction. If the true deformation of one landslide is projected in the LOS direction, and the sum is close to zero, it is hardly identified as one potential landslide. On the other hand, InSAR is not sensitive to the deformation that occurred in the north-south direction. In order to recover true ground deformation results, ascending and descending track data should be involved. However, due to the limited archived SAR data, only ascending data are available in this study. Therefore, some potential landslides may not be successfully identified in this study. What's more, the deformation is only recovered from 19 July 2007 to 11 March 2010 by using the InSAR technique. Hence the surface deformation characteristics of the creep bodies with long-term evolution cannot be fully indicated.
In order to reduce the influence of the gross error, such as the unwrap error, on the average deformation rate, the time-series deformation is used to further validate the identified creep bodies. Since the interferometric pairs are divided into three subsets ( Figure 2 ) due to the lack of SAR data and a long spatial baseline, the deformation rate between two adjacent SAR images in different subsets is chosen as the deformation parameter after the SVD operation [41] . However, since the study area is covered by dense vegetation, the accuracy of the deformation results is seriously affected [10, 42] . Therefore, in order to improve the robustness of the results, a 50 m × 50 m section is selected (shown by squares within the purple polygons in Figure 3 ) as the main deformation area of each creep body. The median rate value of the selected region is estimated as the deformation rate of the creep body, and the standard deviation of the deformation rate for all points within the selected area is calculated to indicate the heterogeneity of motions. As shown in Figure 4 , every point in each panel is plotted with respect to the time-series deformation rate in the vertical axis, where the error bars show the Average deformation rate before the occurrence of the Guanling landslide. The purple polygons represent the creep bodies detected using optical remote sensing images. The black polygon represents the landslide damage boundary. The two regions highlighted with dotted lines indicate buried villages, the dashed line shows the stratigraphic boundary, and the solid polyline ABCD marks the location of a profile, which will be discussed later. Note that the deformation is in the LOS direction, the negative values (red) imply movements toward the sensor, and the positive values (blue) imply movements away from the sensor.
As seen in Figure 3 , the deformation in creep bodies 1 to 4 is relatively large. The maximum mean deformation rate of the creep body 3 reached 5.3 cm/year in the LOS direction. When the landslide occurred, creep bodies 3 and 4 completely slumped and creep body 2 partly slumped, while the other creep bodies did not slump [3] . As the non-slumped creep bodies may cause a landslide hazard in the future, their dynamics should be closely tracked, as shown in Table 1 . Average deformation rate before the occurrence of the Guanling landslide. The purple polygons represent the creep bodies detected using optical remote sensing images. The black polygon represents the landslide damage boundary. The two regions highlighted with dotted lines indicate buried villages, the dashed line shows the stratigraphic boundary, and the solid polyline ABCD marks the location of a profile, which will be discussed later. Note that the deformation is in the LOS direction, the negative values (red) imply movements toward the sensor, and the positive values (blue) imply movements away from the sensor.
As seen in Figure 3 , the deformation in creep bodies 1 to 4 is relatively large. The maximum mean deformation rate of the creep body 3 reached 5.3 cm/year in the LOS direction. When the landslide occurred, creep bodies 3 and 4 completely slumped and creep body 2 partly slumped, while the other creep bodies did not slump [3] . As the non-slumped creep bodies may cause a landslide hazard in the future, their dynamics should be closely tracked, as shown in Table 1 . 
Characteristics of Guanling Landslide Motions
This section analyzes the pre-slide deformation in the source area of the Guanling landslide. Figure 5 shows the vertical profile marked in Figure 3 , where the Guanling landslide can be divided into three sections from top to base, i.e., the source area, debris flow area, and mudflow area [2] . The volume of residual deposits in the source area is about 0.35 million m 3 . These were located in the transition zone of the upper steep carbonatite and the lower soft sandstone, with a terrain slope from 30° to 60°. After destabilization, the source area mainly slid in the N 22°W direction and impacted the opposite side of the valley, destroying 21 houses in the Yongwo village [5] . The slip direction of the landslide then deflected to N 64°W, where it converted to a debris flow [1] . The landslide culminated in the mudflow area. This area was 5 m thick, 100 m wide, and 200 m long [2] . The Guanling landslide has the characteristic of a multi-slump, where the sliding masses were divided into the east and west sides by valleys [1, 4] . 
This section analyzes the pre-slide deformation in the source area of the Guanling landslide. Figure 5 shows the vertical profile marked in Figure 3 , where the Guanling landslide can be divided into three sections from top to base, i.e., the source area, debris flow area, and mudflow area [2] . The volume of residual deposits in the source area is about 0.35 million m 3 . These were located in the transition zone of the upper steep carbonatite and the lower soft sandstone, with a terrain slope from 30 • to 60 • . After destabilization, the source area mainly slid in the N 22 • W direction and impacted the opposite side of the valley, destroying 21 houses in the Yongwo village [5] . The slip direction of the landslide then deflected to N 64 • W, where it converted to a debris flow [1] . The landslide culminated in the mudflow area. This area was 5 m thick, 100 m wide, and 200 m long [2] . The Guanling landslide has the characteristic of a multi-slump, where the sliding masses were divided into the east and west sides by valleys [1, 4] . Figure 5 . Profile of the average deformation rate, stratigraphic structure, and elevation along the polyline ABCD shown in Figure 3 . The legend of the deformation rate is the same as used in Figure  3 .
It should be noted that the sliding direction of the source region is close to the north-south in the horizontal direction as InSAR is not sensitive to the deformation which occurred in the north-south direction. However, considering the topography in the source area, and the fact that the creep bodies 1 to 4 have similar controlling slip directions and slopes, it will produce obvious vertical deformation. In this case, once the deformation occurs in the source area, InSAR has the capacity to monitor part of the observed deformation in slope direction.
From Figures 3 and 5 , it is clear that pre-slide deformation exists in the source area, and the highest deformation rate of the source area in the LOS direction reaches 5.3 cm/year. Within the source area, it is also seen that the maximum deformation had occurred in the lower segment; however, the deformation in the middle segment was relatively small.
However, only the deformation along the LOS direction is acquired. To further study the characteristics of pre-slide deformation, the source area is zoomed in and the deformation in the slope direction is projected using Equation (3) [9].
( ) sin cos sin cos sin sin cos cos cos sin
where slope d is the downslope deformation, LOS d is the deformation along the LOS direction, θ is the incidence angle with respect to the 'flat-earth', and α is the flight azimuth of the satellite.
The flight direction of an ascending ALOS satellite is −10.2° from the north and the incidence angle is 38° from the vertical over the Guanling landslide. Also, δ is the slope azimuth (aspect angle) and β is the slope angle above the horizontal surface. Since the creep bodies 1 to 4 have similar slope and azimuth angles, the average slope (32°) and azimuth (−30° from north) of these four creep bodies were calculated with the aid of the DEM (SRTM-DEM with a resolution of 30 m). The average deformation rate map along the slope direction is shown in Figure 6 .
In Figure 6 , the entire creep bodies 3 and 4 and the front of creep body 2 are all located within the source area. All three creep bodies suffer pre-slide deformation, with creep body 3 attaining the maximum downslope deformation rate of 160 mm/year. Figure 7 shows the mean velocity and elevation extracted along profiles that cross the main deformation area, AB and EF. The standard deviation of the mean velocity at each point, shown as error bars in Figure 7 , provides an estimate of the heterogeneity of landslide motions. The standard deviation of the mean velocity that can also represent the uncertainty of the landslide motions to some extent ranges from 15 to 34 mm/year in the source area. As shown in Figure 7a , maximum deformation occurred at the front of creep body 3. However, the deformation in the central region of creep body 3 is small. Yet, there is also an obvious deformation at the top of the creep body, reaching 140 mm/year in the downslope direction. It can be seen that the deformation at creep body 3 is large in both the front and rear segments, but relatively small in the middle segment. Furthermore, different deformation rates are measured with the InSAR technique for creep bodies 1 to 4, as seen in Figure 7b , where the first is located at the highest elevation while the remaining three bodies lie at a relatively low elevation. Figure 5 . Profile of the average deformation rate, stratigraphic structure, and elevation along the polyline ABCD shown in Figure 3 . The legend of the deformation rate is the same as used in Figure 3 .
However, only the deformation along the LOS direction is acquired. To further study the characteristics of pre-slide deformation, the source area is zoomed in and the deformation in the slope direction is projected using Equation (3) [9] .
where d slope is the downslope deformation, d LOS is the deformation along the LOS direction, θ is the incidence angle with respect to the 'flat-earth', and α is the flight azimuth of the satellite. The flight direction of an ascending ALOS satellite is −10.2 • from the north and the incidence angle is 38 • from the vertical over the Guanling landslide. Also, δ is the slope azimuth (aspect angle) and β is the slope angle above the horizontal surface. Since the creep bodies 1 to 4 have similar slope and azimuth angles, the average slope (32 • ) and azimuth (−30 • from north) of these four creep bodies were calculated with the aid of the DEM (SRTM-DEM with a resolution of 30 m). The average deformation rate map along the slope direction is shown in Figure 6 . In Figure 6 , the entire creep bodies 3 and 4 and the front of creep body 2 are all located within the source area. All three creep bodies suffer pre-slide deformation, with creep body 3 attaining the maximum downslope deformation rate of 160 mm/year. Figure 7 shows the mean velocity and elevation extracted along profiles that cross the main deformation area, AB and EF. The standard deviation of the mean velocity at each point, shown as error bars in Figure 7 , provides an estimate of the heterogeneity of landslide motions. The standard deviation of the mean velocity that can also represent the uncertainty of the landslide motions to some extent ranges from 15 to 34 mm/year in the source area. As shown in Figure 7a , maximum deformation occurred at the front of creep body 3. However, the deformation in the central region of creep body 3 is small. Yet, there is also an obvious deformation at the top of the creep body, reaching 140 mm/year in the downslope direction. It can be seen that the deformation at creep body 3 is large in both the front and rear segments, but relatively small in the middle segment. Furthermore, different deformation rates are measured with the InSAR technique for creep bodies 1 to 4, as seen in Figure 7b , where the first is located at the highest elevation while the remaining three bodies lie at a relatively low elevation. 
Characteristics of Motion for Creep Body 3
To retrieve the pre-slide deformation of the Guanling landslide, the deformation of creep body 3 is isolated and shown in Figure 8 , where it is further divided into the creep segment in the front, locking segment in the middle, and cracking segment in the rear. There is a large deformation in the front and in the rear segments, while the deformation in the middle is relatively small, i.e., the 3. However, the deformation in the central region of creep body 3 is small. Yet, there is also an obvious deformation at the top of the creep body, reaching 140 mm/year in the downslope direction. It can be seen that the deformation at creep body 3 is large in both the front and rear segments, but relatively small in the middle segment. Furthermore, different deformation rates are measured with the InSAR technique for creep bodies 1 to 4, as seen in Figure 7b , where the first is located at the highest elevation while the remaining three bodies lie at a relatively low elevation. 
To retrieve the pre-slide deformation of the Guanling landslide, the deformation of creep body 3 is isolated and shown in Figure 8 , where it is further divided into the creep segment in the front, locking segment in the middle, and cracking segment in the rear. There is a large deformation in the front and in the rear segments, while the deformation in the middle is relatively small, i.e., the so-called locking segment. The locking segment is defined as a region that maintains the stability of the whole landslide, and it is formed during the long-term evolution of the lithologic landslide [43] . If the landslide forms a locking segment in the source area, then it will creep in the front, lock in the middle, and crack in the rear [43, 44] . Field investigations revealed that many cracks had formed in the rear of this landslide [1, 4] . Moreover, it is found that the deformation in front of creep body 3 showed a characteristic of creeping (Figure 9 ). It can be seen that the mode of creep body 3 is consistent with the mode of the landslide forming a locking segment in the source area. Hence, the front and rear areas of this creep body are defined as the creeping segment and the cracking segment, respectively. When the locking segment shears, potential energy will suddenly be released, resulting in a high-speed landslide [44] .
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If the landslide forms a locking segment in the source area, then it will creep in the front, lock in the middle, and crack in the rear [43, 44] . Field investigations revealed that many cracks had formed in the rear of this landslide [1, 4] . Moreover, it is found that the deformation in front of creep body 3 showed a characteristic of creeping (Figure 9 ). It can be seen that the mode of creep body 3 is consistent with the mode of the landslide forming a locking segment in the source area. Hence, the front and rear areas of this creep body are defined as the creeping segment and the cracking segment, respectively. When the locking segment shears, potential energy will suddenly be released, resulting in a high-speed landslide [44] . Figure 8 . The deformation map along the slope direction of creep body 3, which is divided into the creep segment in the front, locking segment in the middle, and cracking segment in the rear. The solid line GH denotes a profile across the creep body 3. Two rectangles across the creep body 3 indicate the boundaries of different segments, which are perpendicular to the slide direction of the landslide. As the boundaries cannot be determined accurately, the width of the rectangle shows the uncertainty of the boundaries. The sliding and collapse source areas were mapped by the Geological Environment Monitoring Institute of the Guizhou Province through geological survey, field investigation, and aerial photogrammetry image analysis [4] .
For further analysis of the deformation evolution of creep body 3, the discrete deformation points are interpolated to a continuous deformation field using the Kriging interpolation method, and the cumulative deformation is then extracted along the profile GH (Figure 9) . Previously, the interferograms were divided into three subsets ( Figure 2) ; here, only the first and third subsets are selected for further analysis. In Figure 9 , obvious deformation can be seen in the front and rear of the creep body, but little deformation occurred in the middle during the two monitoring periods, again confirming the existence of the locking segment. Additionally, the existence of subtle deformation can be found in the locking segment as opposed to absolutely no deformation [6, 7, 43, 44] . It is also observed that the slip rate during the second monitoring period is larger than that during the first monitoring period, indicating that the locking segment was gradually breaking with the evolution of the landslide [7] . Figure 8 . The deformation map along the slope direction of creep body 3, which is divided into the creep segment in the front, locking segment in the middle, and cracking segment in the rear. The solid line GH denotes a profile across the creep body 3. Two rectangles across the creep body 3 indicate the boundaries of different segments, which are perpendicular to the slide direction of the landslide. As the boundaries cannot be determined accurately, the width of the rectangle shows the uncertainty of the boundaries. The sliding and collapse source areas were mapped by the Geological Environment Monitoring Institute of the Guizhou Province through geological survey, field investigation, and aerial photogrammetry image analysis [4] .
For further analysis of the deformation evolution of creep body 3, the discrete deformation points are interpolated to a continuous deformation field using the Kriging interpolation method, and the cumulative deformation is then extracted along the profile GH (Figure 9) . Previously, the interferograms were divided into three subsets ( Figure 2) ; here, only the first and third subsets are selected for further analysis. In Figure 9 , obvious deformation can be seen in the front and rear of the creep body, but little deformation occurred in the middle during the two monitoring periods, again confirming the existence of the locking segment. Additionally, the existence of subtle deformation can be found in the locking segment as opposed to absolutely no deformation [6, 7, 43, 44] . It is also observed that the slip rate during the second monitoring period is larger than that during the first monitoring period, indicating that the locking segment was gradually breaking with the evolution of the landslide [7] . 
Discussion
Trigger Factor
To further understand the triggering factor of the Guanling landslide, the correlation between local rainfall and pre-slide deformation in the source area is analyzed. For this purpose, two regions, S1 and S2 (Figure 8 ), within creep body 3 are chosen for the correlation analysis. To acquire robust results, the median of the deformation rate in each of the selected regions is calculated to represent the deformation rate for that particular region. The standard deviation of the slip rate for all points in the selected regions is calculated to show the heterogeneity of motions (Figure 10 ). It is seen that the rainfall mainly takes place from April to October, and is lower between October and the next April, with maximum precipitation always taking place in June and July. Yet, the total precipitation increases from 2007 to 2010, with rainfall measurements reaching over 300 mm, setting a historical record, just before the Guanling landslide occurred on the 28 June 2010. In terms of surface deformation, fluctuated deformation in region S1 can be obtained, as it is deformed each year following the rainy season. In most cases, deformation rates in the S2 region are smaller than those in the S1 region. Moreover, the deformation pattern of region S2 is different from that of region S1. Some uplift in the regions S1 and S2 can be explained as errors of atmospheric artifacts due to the lack of redundant interferograms to separate them from deformation results. In addition, due to the lack of good interferograms from ALOS/PALSAR data in rainy season, three subsets make it impossible to identify deformation. Often, a conspicuous lag time between the peak landslide motion and the peak precipitation could be seen, which have been widely accepted by many landslide studies [15] . 
Discussion
Trigger Factor
To further understand the triggering factor of the Guanling landslide, the correlation between local rainfall and pre-slide deformation in the source area is analyzed. For this purpose, two regions, S1 and S2 (Figure 8 ), within creep body 3 are chosen for the correlation analysis. To acquire robust results, the median of the deformation rate in each of the selected regions is calculated to represent the deformation rate for that particular region. The standard deviation of the slip rate for all points in the selected regions is calculated to show the heterogeneity of motions (Figure 10 ). It is seen that the rainfall mainly takes place from April to October, and is lower between October and the next April, with maximum precipitation always taking place in June and July. Yet, the total precipitation increases from 2007 to 2010, with rainfall measurements reaching over 300 mm, setting a historical record, just before the Guanling landslide occurred on the 28 June 2010. In terms of surface deformation, fluctuated deformation in region S1 can be obtained, as it is deformed each year following the rainy season. In most cases, deformation rates in the S2 region are smaller than those in the S1 region. Moreover, the deformation pattern of region S2 is different from that of region S1. Some uplift in the regions S1 and S2 can be explained as errors of atmospheric artifacts due to the lack of redundant interferograms to separate them from deformation results. In addition, due to the lack of good interferograms from ALOS/PALSAR data in rainy season, three subsets make it impossible to identify deformation. Often, a conspicuous lag time between the peak landslide motion and the peak precipitation could be seen, which have been widely accepted by many landslide studies [15] . For example, Iverson observed a lag time of five to eight days at Minor Creek [45] , Hilley et al. found a lag time of about three months between the onset of the rainy season and a sharp increase in sliding velocity at Berkeley Hills [46] , and Zhao et al. found the lag time of the Boulder Creek slide to be about one to two months [10] . However, due to the long revisit period of the ALOS data, discontinuous monitoring results, and uneven monitoring intervals, the accurate lag time for the Guanling landslide is difficult to determine in this study. Alternatively, in 2010, it was seen that the deformation rate in region S1 abruptly increased after January, and until 11 March, so did the rate in region S2. Unfortunately, no more deformation results can be used to analyze the pre-slide deformation. As shown in Figure 10 , heavy rain fell on 27 and 28 June 2010, and this precipitation is considered to be the main triggering factor for the devastating catastrophe.
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season and a sharp increase in sliding velocity at Berkeley Hills [46] , and Zhao et al. found the lag time of the Boulder Creek slide to be about one to two months [10] . However, due to the long revisit period of the ALOS data, discontinuous monitoring results, and uneven monitoring intervals, the accurate lag time for the Guanling landslide is difficult to determine in this study. Alternatively, in 2010, it was seen that the deformation rate in region S1 abruptly increased after January, and until 11 March, so did the rate in region S2. Unfortunately, no more deformation results can be used to analyze the pre-slide deformation. As shown in Figure 10 , heavy rain fell on 27 and 28 June 2010, and this precipitation is considered to be the main triggering factor for the devastating catastrophe. Figure 10 . Time-series deformation rate in the downslope direction of regions S1 and S2 (shown in Figure 8 ), where the rainfall data in the study area is shown by weekly statistics. Error bars in the y-axis represent the heterogeneity of the slip rate in the selected regions. Horizontal bars in the x-axis represent the time interval between the adjacent SAR acquisition dates.
Landslide Failure Mechanism
The Geological Environment Monitoring Institute of the Guizhou Province conducted a detailed geological survey and field investigation, and found that the source area can be divided into the sliding source area and collapse source area; the sliding source area (creep body 3) slumped first and formed a landslide [4] . This slumping caused the collapse of the source area (creep body 4) [4] , as shown in Figure 8 . The InSAR results show the three segments of creep body 3 in the spatial domain, and the temporal evolution of the body. When the cracks in the rear segment reach a certain depth, the accumulated stress in the locking segment leads to the progressive failure stage of this segment. Finally, the locking segment will break from the shearing force [43] . This kind of landslide mode can also be observed at many other places in China [44, 47, 48] .
By conducting a centrifuge model experiment, Bi [6] found that the Guanling landslide formed a locking segment in the Yelang Formation stratum of the source area. By observing the development of cracks during the experiment, the slope body can be divided into three sections, namely: the cracking segment, the locking segment, and the bending segment ( Figure 11 ). It was observed that: (1) the shallow surface layer of the cracking segment was pulled down to the lower part of the slope body; (2) the rock exhibited a slight bending deformation and the fracture was less developed in the locking segment; and (3) many cracks and obvious extrusion bending deformation had occurred in the bending segment [6] . Considering the slump sequence of this landslide, the centrifuge experiment further confirmed the formation of a locking segment in the middle of creep body 3. Figure 10 . Time-series deformation rate in the downslope direction of regions S1 and S2 (shown in Figure 8 ), where the rainfall data in the study area is shown by weekly statistics. Error bars in the y-axis represent the heterogeneity of the slip rate in the selected regions. Horizontal bars in the x-axis represent the time interval between the adjacent SAR acquisition dates.
By conducting a centrifuge model experiment, Bi [6] found that the Guanling landslide formed a locking segment in the Yelang Formation stratum of the source area. By observing the development of cracks during the experiment, the slope body can be divided into three sections, namely: the cracking segment, the locking segment, and the bending segment ( Figure 11 ). It was observed that: (1) the shallow surface layer of the cracking segment was pulled down to the lower part of the slope body; (2) the rock exhibited a slight bending deformation and the fracture was less developed in the locking segment; and (3) many cracks and obvious extrusion bending deformation had occurred in the bending segment [6] . Considering the slump sequence of this landslide, the centrifuge experiment further confirmed the formation of a locking segment in the middle of creep body 3. Bi [6] inferred that the failure of the Guanling landslide was caused by the shear in the locking segment, and the main trigger for the shear was heavy rainfall. Additionally, through a numerical simulation, Hu [7] found that the landslide had formed a potential sliding surface and a locking segment, and inferred that the locking segment was located in the lower part of the source area. Moreover, Bi [6] deduced that the process of the Guanling landslide was from the east to west. Wang et al. [3] reported that creep body 3 slumped as a whole, and the sliding source area was also mainly formed by creep body 3, hence regarding the creep body as the potential hazard.
Based on the above discussion, the failure mechanism of the Guanling landslide can be summarized. A sudden onset of heavy rain on 28 June 2010 occurred in the study area, after which the upper layer of the hillside, composed primarily of sandstone, was in a water-saturated state. The lower layer of landslide, composed mainly of shale and mudstone, formed a low/scarcely permeable rock mass [1, 6] . As the source area was located in the upper layer, high water pressure formed in this area [1] . Moreover, the heavy rainfall increased the weight of the landslide and greatly reduced its shear strength [18] . These factors caused the locking segment of creep body 3 to suddenly shear and slide, as shown in Figure 12 . Subsequently, the rest of the source areas (creep body 4 and partially 2) slumped under the force of gravity. Bi [6] inferred that the failure of the Guanling landslide was caused by the shear in the locking segment, and the main trigger for the shear was heavy rainfall. Additionally, through a numerical simulation, Hu [7] found that the landslide had formed a potential sliding surface and a locking segment, and inferred that the locking segment was located in the lower part of the source area. Moreover, Bi [6] deduced that the process of the Guanling landslide was from the east to west. Wang et al. [3] reported that creep body 3 slumped as a whole, and the sliding source area was also mainly formed by creep body 3, hence regarding the creep body as the potential hazard.
Based on the above discussion, the failure mechanism of the Guanling landslide can be summarized. A sudden onset of heavy rain on 28 June 2010 occurred in the study area, after which the upper layer of the hillside, composed primarily of sandstone, was in a water-saturated state. The lower layer of landslide, composed mainly of shale and mudstone, formed a low/scarcely permeable rock mass [1, 6] . As the source area was located in the upper layer, high water pressure formed in this area [1] . Moreover, the heavy rainfall increased the weight of the landslide and greatly reduced its shear strength [18] . These factors caused the locking segment of creep body 3 to suddenly shear and slide, as shown in Figure 12 . Subsequently, the rest of the source areas (creep body 4 and partially 2) slumped under the force of gravity.
Remote Sens. 2017, 9, 1046 14 of 17 centrifuge experiment further confirmed the formation of a locking segment in the middle of creep body 3. Bi [6] inferred that the failure of the Guanling landslide was caused by the shear in the locking segment, and the main trigger for the shear was heavy rainfall. Additionally, through a numerical simulation, Hu [7] found that the landslide had formed a potential sliding surface and a locking segment, and inferred that the locking segment was located in the lower part of the source area. Moreover, Bi [6] deduced that the process of the Guanling landslide was from the east to west. Wang et al. [3] reported that creep body 3 slumped as a whole, and the sliding source area was also mainly formed by creep body 3, hence regarding the creep body as the potential hazard.
Based on the above discussion, the failure mechanism of the Guanling landslide can be summarized. A sudden onset of heavy rain on 28 June 2010 occurred in the study area, after which the upper layer of the hillside, composed primarily of sandstone, was in a water-saturated state. The lower layer of landslide, composed mainly of shale and mudstone, formed a low/scarcely permeable rock mass [1, 6] . As the source area was located in the upper layer, high water pressure formed in this area [1] . Moreover, the heavy rainfall increased the weight of the landslide and greatly reduced its shear strength [18] . These factors caused the locking segment of creep body 3 to suddenly shear and slide, as shown in Figure 12 . Subsequently, the rest of the source areas (creep body 4 and partially 2) slumped under the force of gravity. 
Conclusions
In this study, the surface deformation in the study area before the landslide occurred is obtained by Stacking-Interferograms and time-series InSAR techniques. It is observed that there exists a high consistency between the InSAR deformation map and the known creep bodies, therefore confirming the results of potential landslides identified by optical remote sensing images. These creep bodies may develop into landslide disasters in the future. Hence the deformation of them should be closely tracked.
The creep body 3 is considered to be the key mass rock as there was an obvious pre-slide deformation observed in the spatial and temporal domains, with the maximum annual slip rate reaching 160 mm/year in the downslope direction. Given a certain time lag, the deformation of creep body 3 showed high consistency with weekly precipitation data, which revealed that the Guanling landslide was triggered by heavy rain.
The segmentation of creep body 3 and its deformation characteristics exposed that the Guanling landslide was mainly controlled by the locking segment. The failure of the Guanling landslide was most likely caused by the sudden shearing of the locking segment of creep body 3.
Research on the identification of potential landslides over a large region, the monitoring of pre-slide deformation, and the landslide failure mode analysis based on InSAR results can be extended to any other landslide-prone regions. Moreover, the stability of any specific landslide can be analyzed, and accordingly, early warnings and prevention can be pursued to prevent the hazard in time.
